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SECTION  l 


PURPOSE 

This  program  is  intended  to  study  the  feasibility  of  high -dielectric - 
consta-'t  materials  as  resonators  in  microwave  filters,  and  to  obtain  de- 
si^  ,i  information  for  such  filters.  Resonator  materials  shall  >  selected 
that  have  loss  tangents  capable  of  yielding  unleaded  Q  values  comparable 
to  that  of  waveguide  cavities.  The  materials  shall  have  dielectric  con¬ 
stants  of  at  least  75  in  order  that  substantial  size  reductions  can  be 
1 1  aieved  compared  to  the  dimensions  of  waveguide  filters  having  the 
same  electiical  performance 


SECTION  II 


.ABSTRACT 

The  coupling -coefficient  formula  derived  in  the  Second  Quarterly 
Report  is  discussed.  Its  discrepancy  from  experimental  data  for  close 
spacing"  is  attributed  to  the  use  of  only  the  TEjq  mode  in  the  analysis. 
The  derivation  is  then  extended  to  include  all  higher  TE  and  T.vi  modes 
excited  by  the  dielectric:  resonators.  The  solution  is  particularized  for 
dielectric  disks  spaced  along  the  centerline  of  a  rectangular  waveguide 
below  cutoff,  with  the  axes  of  the  disks  parallel  .c  the  transve’-ee  x  co- 
edinate.  Coupling-coefficient  curves  computed  from  the  new  multiple- 
mode  formula  are  rhuwn  to  yiuv^c  much  better  agreement  with  exper¬ 
imental  data  than  the  previous  single-mode  curves. 

Sources  of  error  are  evaluated  in  the  measurement  U-chniq".**  • 
for  high-dielectric -constant  samples.  It  is  shown  that  the  circular- 
waveguide  dielectrometer  has  a  typical  maximum  error  of  ±0.  6  percent 
and  probable  error  of  ±0.25  percent,  while  the  radial -waveguide  dielec¬ 
trometer  has  typically  ±0.42  percent  maximum  error  and  ±0.  17  percent 
probable  error.  An  o- Uer -o* -magnitude  improvement  in  accuracy  ap- 
peara  feasible,  but  is  not  needed  in  this  pt  ■  rn.  The  rad‘-»I- —  rviAa 
dielectrometer  has  been  used  to  obtain  aatc  -  -  the  new  USAERDJLi  coll 
pressed  T'.O.,  ceramic  samples  and  on  severs1  ~am?les  cut  from  a 
single  tile  A  Eccoceram  Hi-K9Q  material.  Dial?  .  ...  - . 

temperature  was  also  measured  for  four  different  group-  :f  TiO,  ma¬ 
terials.  lhe  temperature  coefficients  ranged  from  -dr-  .o  — ICvd 
ppm/°C.  These  values  are  higher  than  the  ...  minal  value  of  —800  for 
TiO.,  ceramic. 

The  previous  unloaded-Q  measurement  technique  was  improved 
in  several  minor  details.  Data  -v?s  Ur.en  ^ i.  three  groups  of  TiO^  cer¬ 
amic  disks  in  propagating  WR-284  waveguH  .  Tne  best  values  were 
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obtained  with  the  USAERDL  cold-pressed  high-purity  samples,  with 
between  10,  000  and  12,  000  in  the  majority  of  pieces  tested.  One 
of  these  pieces  was  then  used  to  determine  the  effect  of  metal-wall 
losses  by  repeating  the  measurements  in  a  series  of  "cut-off:: 
square  waveguides  having  internal  dimensions  ranging  from  1.  25  by 
1.25  inch  t<  C.430  by  0.430  inch.  In  the  latter  case,  the  0.430 -inch- 
diameter  disk  was  tangent  to  the  top  and  bottom  walls  of  the  waveguide. 
Despite  the  extremely  close  proximity,  the  unloaded  Q  wa3  diminished 
only  to  5250  in  the  presence  of  the  silver-plated  walls.  P„esonant- 
f  (>T..'ncy  data  versus  the  dimension  of  the  square  waveguide  are  o'cz 
given. 


Frequency-response  data  are  shown  for  ‘several  two -re senator 
band-pass  filters  adjusted  for  maximally  flat  performance.  The  band¬ 
width  and  center -frequency  dissipation  loss  agree  quite  well  witi,  pro 
viously  obtained  coupling-coefficient  and  unloaded-Q  values. 


SECTION  HI 


CONFERENCES 

On  2-0  May  1964;  a  conference  was  held  to  discuss  third-quart 
progress  and  plans  for  the  fourth  quarter.  The  location  of  the  confer 
ence  -vas  the  International  Hotel  at  Idlewild,  L.  I.  ,  N.  Y.  ,  where  the 
1964  PTGMTT  Symposium  was  being  held.  The  conference  w  .s  at¬ 
tended  by  Messrs.  J.  Agrics,  N.  Lipetz,  and  E.  A.  Mari-.r.i  of 
USAERDL,  and  Dr.  S.  B.  Cohn  of  Rantec  Corp.  Draft  material  for 
the  Third  Quarterly  Report  was  reviewed  and  suggestions  were  made 
tor  further  items  of  investigation. 
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SECTION  III 


CONFERENCES 


On  20  M&V  1  Q^4-  P  rnnforcirioo  mo  L«1  J  J  _  .  i  >  « 

'  *  - —  wcit  ucju  u »  uidcuss  mira- quarter 

F- ogre ss  and  plans  for  the  fourth  quarter.  The  .ccation  of  the  confer¬ 
ence  was  the  International  Hotel  at  IdlewHd,  L.  I.  ,  N.  Y.  ,  where  the 
1964  PTGMTT  Symposium  was  being  held.  The  conference  w,„&  at¬ 
tended  by  Messrs.  J.  Agrios,  N.  Dipetz,  and  E.  A.  Mariam  of 
USAERDL,  and  Dr.  S.  B.  Cohn  of  Rantec  Corp.  Draft  material  for 
the  Third  Quarterly  Report  was  reviewed  and  suggestions  wer“  made 
iw  further  items  of  investigation. 
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SECTION  IV 


FACTUAL  DATA 


1.  Introduction 


The  First  Quarterly  Report  discusses  the  natjre  of  dielectric 
resonators  and  describes  how  such  resonators  may  te  used  in  licro- 
'vave  filters.  The  introduction  to  that  xepori  should  be  consulted  for 
background  information,  and  for  a  discussion  of  problems  to  be  solved 
before  dielectric  resonators  can  be  used  in  practice 

In  the  Second  Quarterlv  Report,  an  analysis  was  given  of  cou¬ 
pling  between  dielectric  resonators  spaced  along  the  centerline  oi 
rectangular  waveguide  below  cutoff.  The  resulting  formula  for  coupin.^ 
coefficient  was  found  to  agree  with  experimental  data  within  about 
±10  percent  when  the  center-to-center  spacings  exceeded  about  three, 
quarters  of  the  larger  of  the  two  waveguide  cross-section  dimensions. 
The  deviation  for  smaller  spacings  was  attributed  to  the  use  of  only 
the  TEjq  mode  in  the  analysis.  In  the  present  report,  the  theory  is 
extended  to  all  TE  ar.d  TM  excited  by  the  resonators.  The  new 

multimode  formula  is  shown  to  yield  theoreuca.i  curves  agreeing  very 
well  with  the  previous  experimental  points  ‘  vrfl • '  when  the  resonant  disks 
are  in  contact  with  each  other.  Based  or.  th.a  excellent  verification, 
the  new  formula  is  concluded  to  have  sufficient  >• 
design  purposes. 

Two  techniques  were  described  in  the  Second  Quarterly  Report 
foi  measurements  on  high  dielectric -constant  materials.  Both  tech¬ 
niques  utilize  geometries  such  that  minor  air.qa.ps  between  the  surfaces 
of  the  cylindrical  samples  and  adjacent  metal  walls  have  negligible 
effect  on  measured  dielectric-constant  vaJu_&.  In  order  to  complete 
the  treatment  of  these  new  methods,  computatior.  5  of  typical  errors 
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have  been  made  and  are  discussed  in  this  report.  Accuracies  on  the 
order  of  one -half  percent  are  shown  to  be  easily  obtained.  Measured 
data  on  several  groups  of  TiO^  samples  are  given. 


The  method  of  unloaded-Q  measurement  presented  in  the  First 
Quarterly  Report  is  susceptible  to  major  error  if  the  input  signal  hae 
appreciable  frequency  modulation.  Because  the  signal  source  wa 
internally  square-wave  modulated  at  1000  cps,  it  was  suspected  mat 
incidental  frequency  modulation  might  have  affected  the  accuracy  of 
the  measured  values.  In  order  to  eliminate  this  possible  source  of 
.  ■•’•or.  an  isolator  and  diode  modulator  were  placed  between  t«e  signal 
source  and  the  input  of  the  tee'  •>e,ti>n.  This  permitted  the  signal  source 
to  be  operated  with  CW  output,  ensuring  absence  of  any  significant  i~  . 
quency  deviation.  Experimental  results  were  found  to  agree  quite  well 
with  the  data  included  in  the  First  Quarterly  Report,  thus  showing  that 
frequency  modulation  had  not  appreciably  affected  the  previous  meas¬ 
urements.  Additional  measurements  were  then  made  on  several  groups 
of  samples  and  on  a  single  sample  in  a  series  of  waveguides  of  varying 
cross  sections.  The  latter  data  reveals  the  effect  of  metal-wall  prox¬ 
imity  on  both  Q  and  r  . 

u  o 


In  order  to  determine  the  validity  of  tv  -  c  roeffici ant  and 

Q^  data,  several  two-resonator  band-pass  filters  were  made  having 
maximally  flat  response.  Reasonably  good  agr-'c;  -  * 
between  actual  and  predicted  bandwidui  ana  mss  panon  loss. 


Coupling  Between  Dielectric  Resonators  -  Higher  Modes 


In  the  Second  Quarterly  Re~  rt*,  a  formula  was  derived  for  the 
coupling  coefficient  between  a  pair  of  dielectric-disk  resonators  spaced 
alo.tg  the  centerline  of  a  rectangular  Wr.  ’gv.io'o  below  cutoff  (Figure 
2-1).  Good  agreement  was  found  between  commuter  curves  and 
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Figure  2-i.  Coupled  Dielectric 
Resonators  Inside  a  Rectangular 
Metal  Tube 

_  onsiderable  improvement  in  ac 


experimental  data  when  the  center  - 
to-center  spacing,  s,  is  at  least 
three-fourths  of  the  larger  of  the 
two  waveguide  dimensions,  a  and 
b.  The  discrepancy  for  closer 
spacing  was  attributed  to  the  fact 
that  only  the  TEj^  mods  was  used 
in  the  analysis.  During  the  past 
quarter  the  treatment  was  ex¬ 
tended  to  include  higher  mode**, 

.cy  for  close  spacing  was  achieved. 


Equation  3-36  of  the  Second  Quarterly  Report  gives  the  coupling 
coefficient,  k,  in  generalized  form  for  a  pair  of  identical  magnetic  di¬ 
pole  resonators  whose  axes  are  either  parallel  or  colinear: 


(2-1) 


where  |i.Q  is  the  permeability  of  free  space,  nij  and  Wmj  are  the  mag¬ 
netic  dipole  moment  a.n-.i  stored  energy  of  the  ii,  st  resonator,  while  H> 
is  the  magnetic  field  at  the  center  of  the  se.-  ...  resonator  c:-  m^. 


In  the  Second  Quarterly  Report,  H-,  wa*-  aip  'ted  from  by 
first  determining  the  amplitude  of  the  TEln  mode  by  r.  .  -  - 

then  evaluating  the  magnetic -field  amplitude  of  this  made  at  a  distance 
s,  f  '  m  m..  The  configuration  is  as  shown  lu  Figire  '■  ..  Because 
the  waveguide  is  used  below  its  cut-off  frequency,  the  field  amplitude 

f»S 

is  proportional  to  e  ,  where  a  is  the  attenuation  constant  of  the  TE,„ 

lu 

mode.  Therefore,  k  is  also  proportional  to  e~  ^ ,  and  the  theoretical 
coupling -coefficient  curve  is  a  straight  line  on  a  semi-log  graph.  The 
experimental  data  showed  this  to  be  a.  good  approximation  for  s  rela¬ 
tively  large,  but  not  for  ,  relatively  small.  '  n  improvement  in  the 


latter  case  may  be  expected  from  the  addition  of  higher  modes  to  the 
coupling  analysis. 

Consider  Figure  2-1.  Equation  2-1  indicates  that  all  modes 
having  not  zero  at  the  center  of  the  cross  section  will  contribute 
to  the  total  field  H^,.  The  significant  modes  are  as  follows: 


T  T 

iO 

rr  it 
'12 

TV 

"12 

TE30 

te3. 

™32 

TE50 

TE52 

xM52 

etc. 

etc. 

etc. 

Note  that  for  both  TE  and  TM  ,  the  admissible  m  and  n  values  - 

rnn  mn 

m  =  odd  integers  and  n  -  even  integers. 


In  the  Second  Quarterly  Report,  the  waveguide -mode  notation 
2 

of  Collin  was  introduced.  The  following  formulas  from  pp.  22-30  of 
the  Second  Quarterly  Report  are  needed.  The  MKS  system  of  units  are 
used  throughout  the  analysis. 

H,  =  H+  at  z  «  *  {’-?.} 

?  X 


I 


m,n 


a  h 
mn  xmn 


(2-3) 


mn 


.  ^o 

-)  -T- 


h  m , 
xmn  1 


(2-4! 


where  m^  is  the  moment  of  the  magnetic  dipo)~  located  at  z  =  0  and 

directed  along  the  x-axis.  The  mode  field  functions  e  and  h  are 
b  mn  mn 

normalized  according  to  the  following  power -flc”'  relationship: 

JJ  e^xh^-dS-l  (2-5) 

S 


-mn 
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where  the  integration  is  performed  over  the  waveguide  cross-sectional 

area.  The  attenuation  constant  a  is  given  by 

mn  °  1 


a 


mn 


2ir 

A. 

cmn 


_  ^  cmn^2 


nepers  per  meter 


(2-6) 


and  th?  cut-off  wavelength  ^cmn  is  as  follows  for  rectangular  waveguide. 


(2-7) 


Equations  2-2  thronofli  2-7  apply  to  both  TP!  and  TM  modes,  and  the 
summation  m  Equation  2  -3  is  carried  out  over  TE  and  TM  modes  of 
all  admissible  orders  m  and  n. 


When  Eqs.  2-2,  2-3,  and  2-4  are  combined,  „he  foli-'T  ir.g 
formula  for  is  obtained. 


H, 


J0J(Aomi  y 

- z —  Z 


m,n 


2  amn 
h  e 

xmn 


(2-8) 


The  normalized  field  .  omDonent,  h  ,  win  now  oe  computed.  Eoua- 

xmn 

tion  2-5  can  be  rewritten  with  the  aid  of  the  r^’ation  e  X  h  «  d-S  - 

2  h/  dS  --  Z  (h  2  +  h  Z)  dS: 
t  x  v 


h  2  dS  +  f  f  h  2  do  I 
xmn  I  l  vmn  1 

S  S  '  J 


where  h  and  h  are  the  transverse  components  of  h  ,  and  the 
xmn  ymn  ~mn 

characteristic  wa  'e  impedance  Z  is  as  follows: 

r  mn 
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(2-10) 


T!\ 


z  for  TE  modes 

mu  \  a  x 


mn 


,  a  X.n 
„  qX.  mn  , 

Z  =-r —  =  — nr— —  for  TM  moaes 

mn  -v  )£~ 


(2-11) 


Tlie  free-i  -iace  wave  impedance,  rj,  is  equal  to  / sn  =  377  ohms  in  air. 


ihe  h  and  h  field  components  are’ 
xv 


and 


,  m  .  .  mirx  mry 

b  -  —  A  sm -  cos-r1 

xmn  a  mn  a  b 


n  .  mirx  .  nr.  y 

n  =  —  A  cos- - <un 

ymn  o  mn  a  b 


,  n  _  .  rrcx  mry 

h  =  r-  B  sin - cos  -T-- 

xmn  b  mn  a  b 

,  m  „  mirx  .  niTy 

h  - - B  cos - sin— r-^ 

ymn  a  mn  a  d 


TE  modes 


)  TM  modes 
mn 


(2-12) 

(2-13) 

(2-341 

(2-15) 


where  A  and  B  are  constants  to  be  evaluated  through  application 
mn  mn  r 

of  Eq.  2-9-  The  coordinate  system  is  as  shown  in  Figure  2-2.  When 


Figure  2-2.  Coo  ruinate  System 
for  Rectangular  11  vugu’ 


Eqs.  2- 32, to  2-15  are  substituted  in  Eq.  2-9,  the  fcilow>,-o  mtegtais 
must  be  evaluated: 
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j"  J  sin2  (mJr~/  cos2  (f^-)  dx  dy  =  J"  sin*"  (~^~~)  dx  f  cos2  (~^)  dy 


0  0 


_  ab  , 

=  -^—  tor  m  i  i,  n  2  i 
-  for  rn  i  1,  n  =  0 


(2-16) 


ana 


r  f  2  ,m«.  .  2  ,nwv.  ,  ,  f  2  ,rmrx.  ,  f  .  2  ,mrv,  , 

j  -os  (— - — )  sin  (— g^-)  dx  dy  -  J  cos  ( — — — )  ax  J  sin  i~i'>  -V 


0  0 


-  for  mil,  n  a  3 


(2  IT', 


=  0  for  m  2  1,  n  =  0 

Equations  2-9,  2-10,  2-12,  2-13,  2-16,  and  2-17  yield  the 
following  for  TEmQ  modes,  mil: 


mA 


m0,2  ,  2  ,  ,  mO  , 

T-) 

2  _  am0^  .  2  mTx. 
^xmO  jabirq  s'n  a 


and  for  TE  modes,  m,n  2  1. 
mn 


1  A'. 


(2-19) 


n  2  2]  -  a  X. 

(f )  +  <£)  i  A  2  =  (4-) 

a-  b  !  mn  ab  jtirq  ■ 


(2-20) 


2  _  /  2{m/a)2  \  / amn  j  2  ,rmrx,  2  ,m: y*  ,,  , ,, 

”  -  [*=*)  '“’COS  ^  (2‘21> 
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Similarly,  Eqs.  2-9,  2-11,  2-14,  2-T5,  2-16,  and  2-17,  give 


the  following  for  modes,  m,  n  £  i: 


<?>  +<g) 


B 


-  (?rr>  ^—TTT) 


mn  ao  a 


/  ,2  \  /  .  \ 

,  ;  2(n/b)  \/  i4rr/ab\  .  2  2  ,mry, 

h  =  j  - — - : - =r  j  = - -  j  SHI  (— - — )  COS  -rM 

xrrt  \  ,  /  ,2  ,  ,  }\  a  A-rj  /  a  b  ' 

ym/a)  +  (n/b)  j  y  mn  y 

Mote  that  for  TM  modes,  neither  m  nor  n  can  be  zero  in  the 
mn 


rectangular -waveguide  case. 


(2- 


(2- 


Examlr.ntion  of  Eqs.  2-19,  2-21,  and  2-23  shows  that  at  the 

center  of  the  cross  section  h  ^  -  0  if  either  m  -  even  integer  or 

xmn  * 

n  =  odd  integer.  Thus  only  modes  ior  wnich  m  =  odd  integer  and 
n  =  even  integer  will  contribute  to  the  coupling  when,  the  x-directed 
magnetic  dipoles  are  placed  along  the  central  longitudinal  axis  of 
the  waveguide. 


When  Eqs.  2-J9,  2-21,  and  2-23  are  substituted  in  Eq.  2-8, 
we  obtain 


H2  ~  ab 


r  v> 

M2 

L  m 


i  1 1 0  ^ 


mO 


t  2 


(m/ai~’  a_  a 

iTin 


X 

n.,:i  (r.i/aj  +  in/o } 


8w 


(n/b)' 


mn 


m,n 


[{m/a) 


(n/b 


?J 


where  the  summations  are  performed  for  m  =  i,  3,  5,  ...  and 

n  -  2-  4,  6,  ...  Use  was  made  of  the  identity  iup  *  =  2irn,  The  three 

terms  ir.  the  brackets  are  due  to  the  TE  ,  TE  ,  and  TM  modes 

rr  o  ,r.n  mn 

respectively.  A  simplification  may  be  made  by  observing  that  Eqs. 
2-6  a.nd  2-7  lead  to 


<?>'  °mn  "  ®  {c 


r  2 


V  -  ,*» 

■  t  p  — 


2  2]  a 

,  .  ,n.  mO 

>  V  tir)  I  -7 — - 


thug. 


ml 

K2  =  aF" 


Is 


'rnO 


mn 


"amO°  , 
e  +2 


J  "tin 


li 


.1 

— y.  =>  i 
mo  mn 


m 


mn  ! 

m.n  j 


where  m  =  1,  3,  5.  ...  and  r.  =  2,  4.  6,  ... 

A  further  simplification  gives  the  following  compact  result. 


(2-25) 


(2-26) 


H.-3I  Va- 


aO  |  U 


mO  "^mn8 
e 


L  m. 


mn 


U-?l\ 


In  this  particular  case,  the  double  summation  is  carried  nut  over 
m  =  1,  3,  5,  . .  .  ,  oo,  and  n  =— oo,  . . . ,  —6,  —4,  —2,  0,  2,  4,  6,  .  .  . ,  <». 
However,  Eq.  2-26  in  terms  of  positive  integers  is  mere  convemtiu 
for  computation. 


The  coup’ing  coefficient  between  a  pair  of  identical  x-directed 
magnetic  dipoles  on  the  central  longitudinal  axis  of  a  rectangular  wave¬ 
guide  below  cutofi  xs  obtained  irom  Eq< .  2.  I  at-J  2-26. 


(2-28) 


The  factor  u  m,*'/2W  ,  depends  only  on  the  d  aicnsions  D  3  ’■'d  L,,  uic- 

o  1  ml 

lectric  constant,  z  -  and  resonant  wavelength.  X.  of  th  ■  ci*ctr:c 
r  ’  o 

resonator.  In  the  Second  Quarterly  Report,  Y  ..  3-52.  this  factor  was 
evaluated  to  be 


V^i 

W~~ 

ml 


927D4Ls_ 


r 


XT 

o 


u.  co 


s.  L  ''D  s  0.  ( 


(2-29) 
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Equation  2-29  was  simplified  from  a  more  complicated  expression 
given  in  Eq.  3-51  of  the  Second  Quarterly  Report.  In  the  range 
0.25  £  L/'D  s  0.7  the  two  formula.,  agree  within  ±2fo.  A  dielectric 
resonator  of  practical  proportions  will  generally  lie  in  this  range. 
Thus, 


«  927D4Le 

r 

- —2 - 

aoX. 


I 


am0e 


•am0S 


—  a_ 


2 


mn 


a 


'2-30) 


where 


\  25  s  L/D  rs  0.  7 
m  =  1,  3,  5,  ... 
n  =2,  4,  6,  ... 

If  L/Q  .toils  outside  of  the  range  0.  25  to  0.  7,  the  curve  pioti-eu  in  Fig  ¬ 
ure  3-5  of  ihu  Setuml  Quarterly  Report  may  be  applied  as  a  correction 
factor  to  Eq.  2-30. 


An  interesting  property  of  Eq.  2-24  is  that  the  third  summation 
term,  arising  from  the  TMmn  modes,  is  opposite  in  sign  to  the  TE^q 
and  TE  terms.  The  explanation  for  this  difference  in  sign  is  as 
follows.  An  x-directed  magnetic  dipole  m  ire*,  ouo.ee  produces  an 
electric  field  having  only  v  and  z  components.  Thus  Ev  is  everywhere 
zeiu.  An  x-directed  magnetic  dipole  in  a  rac '•^’  guiar  waveguide  is 
equivalent  to  a  two-dimensional  infinite  array  ji  x--i  -acted,  diodes  in 
free  space.  Since  E  -  0  for  each  di^- Z  is  fer  the  supci 

X  x 

position  of  fields  of  all  the  dipoles  ir.  the  array.  Hence,  f-r-v  e*  and 

y 

E  components  exist  in  the  waveguide  and  E  is  ever  rwhere  zero.  The 
a  "  x 

field  produced  bv  each  individual  TE  and  TM  mode  (m  and  n  >  11 

mr.  mn  v 

contains  finite  E  components.  However,  when  the  TE  and  TM 

x  mn  mn 

mode  fields  have  the  relative  amplitudes  A  and  B  determined 

r  mn  mn 

from  Eqs.  2-20  and  2-22,  the  components  of  tnese  modes  ar»  equal 
in  amplitude  and  opposite  in  sign  for  each  set  of  integers  m  and  n  s  1. 
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Consequently,  the  above  solution  conforms  to  the  necessary  condition 
that  =  0  at  all  points  in  the  waveguide. 


When  only  the  m  =  1  term  of  the  first  summation  is  used  and  the 
second  summation  is  omitted  entirely,  the  single -mode  formula  in  the 
Second  Quarteiiy  Report  is  obtained  a3  follows: 


k  = 


0. 927D4Le_a1Ae  i0 


abX. 


(2-31) 


u,  the  correction  factor 


K 


aioe 


-a10s 


km0“  ,  v  V  am0  amns 
e  +  2 


2,°^oe  2 


®V-r,r 


m 


m,n 


I?. -32) 


m  =  1,  3,  5,  ... 
n  -  2,  4,  6,  ... 


converts  the  single  mrde  formula  Eq.  2-31  into  the  multi-mode  for¬ 
mula  Eq.  2-3  0.  The  factor,  K,  may  be  used  to  correct  the  computed 
curves  in  the  Second  Qnarterlv  Reoort  for  the  effects  of  higher  modes. 
This  has  been  done,  and  the  results  are  a«vi  i>»ea  utlov. . 


Application  of  Correction  Factor  to  ious  Data 

lu  the  bccoiid  Quc.rt€ri)  *  *  -»  t-.-i  C-.  WCy  '* 

used  in  obtaining  experimental  coupling  data.  ifu-  sizes 

a  -  b  =  0.  750  in.  ,  a  =  b  =  0,  995  in.  ,  and  a  -  0.  625  in.  ,  b  =  1.  374  in. 

In  each  waveguide,  two  different  sizes  of  dielectric  disks  were  used. 

However,  Eq.  2  -32  i$  a  function  only  of  f  of  the  disk,  and  not  of  the 

other  disk  narameters.  Since  f  is  approximates  the  same  for  both 

o 

disks,  and  K  is  quite  insensitive  to  changes  i  ,  the  f  values  for 


the  D  =  0.393  in.  and  JL  =  0.  1 60  in.  disk  will  be  used,  but  the  resulting 
K  factor  will  be  used  for  the  other  disk  as  well. 


For  the  square  waveguides, 
calculations  shov'  that  significant 
contributions  to  the  coupling  coef¬ 
ficient  are  made  only  by  the  modes 
with  subscripts  mn  =  10,  30,  50. 
12,  14,  32,  34.  For  the  rectan- 
^uldr  0 th ^ 
subscripts  are  10,  30,  12,  11, 
i o ,  j2,  34,  3o.  A  graph  oi  the 
correction  factor  K  versus  s  appears  in  Figure  2-3  ‘or  the  three  dif¬ 
ferent  w&veguideo. 

Figure  2-4  shows  the  six  sets  of  coupling  data  from  the  uu  s.  om 
Quarterly  Report.  The  solid  curves  are  theoretical  for  single -mode 
coupling,  while  the  dotted  curves  include  the  higher-mode  contribution, 
as  given  by  Eqs.  2-30  and  2-32.  A  substantial  improvement  in  accu¬ 
racy  is  evident  when  the  higher-mode  terms  are  added  to  the  single¬ 
mode  formula. 


2.0 

K 

IE 


i  0 

0  0  2  04  0B  0.6  1.0 

i-mCnci 

Figure  2-3.  Factor  K,  Ratio 
of  Multiple -Mode  Coupling - 
C. -efficient  Formula  to  Single - 
•viocie  Formula 
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phparr-  3.38Gc 
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3.  Dielectric -Constant  Measurements 

a.  Measurement  Error  with  the  Circui.  =  -  i.avegun.; 

Dielectrometer 

The  circular  waveguide  dielec4-  meter  was  described 
in  the  Second  Quarterly  Report.  *  The  device  was  shown  to  offer  good 
precision  in  determining  the  dielectric  constant  uf  materials.  An 
especially  important  feature  of  this  technique  is  that  it  is  unaffected 
oy  small  air  gaps  between  the  sample  '-'a  1-x  and  the  adjacent 
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metal  wall.  As  a  result,  the  technique  is  particularly  useful  in  meas¬ 
urements  on  high  dielectric -constant  materials,  where  small  air  gaps 
are  ordinarily  a  major  source  01  error.  The  dielectric  constant  is 
calculable  from  the  TEg^-mode  resonance  of  a  right-circular  cylinder 
of  the  material  closely  fitted  in  a  below-cutoff  metal  tube.  As  indi¬ 
cated  m  the  discussion  in  the  Second  Quarterly  Report,  the  computation 
of  dieieci.xic  constant,  requires  knowledge  of  the  resonant  fre¬ 
quency,  inside  diameter  of  the  tube,  and  the  length  of  the  sample. 

The  resonant  frequency  can  easily  be  measured  to 
percent  and  linear  dimensions  of  the  sample  to  ±0.  0005  inch.  As 
a  typical  example,  a  sample  was  assumed  wiih  a  dielectric  constant  of 
90.  000,  a  diameter  of  0.  36000  in. ,  and  a  length  of  0.  11800  in.  The 
calculated  resonant  wavelength  of  this  sample  in  an  ideal  circular 
waveguide  dielectrometer  is  2.  2598  in.  When  the  wavelength,  diam¬ 
eter,  and  height  are  deliberately  offset  by  -0.  1  percent,  +0.  0c0Z  in... 
and  +0,  0005  in. ,  respectively,  the  dielectric  constant  is  calculated 
to  be  =  89.  43,  which  is  0.  6  percent  low.  Note  that  the  errors  in 
the  three  input  quantities  were  taken  with  a  "worst  case"  combination 
of  algebraic  signs  to  give  the  maximum  error  in  With  more  pre¬ 
cise  instruments,  the  frequency  and  can  be  determined 

with  an  order -of-magnitude  improvement,  si..  ..a;  an  accur-";  ,  _ 
of  better  than  0.  06  percent  appears  feasible. 

The  range  of  dielect.rw  constants  a.  aampu  a 
being  measured  in  this  program  generally  coniorm  to  the  :;x  uotheacai 
case  considered  above.  Thus,  in  the  measurement*-  with  die 

circular -waveguide  dielectrometer,  the  maximum  error  in  the  deter¬ 
mination  cf  er  is  less  than  ±0.  6  percent,  and  the  probable  error  is 
about  ±0.  25  percent. 
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b. 


Measurement  Error  with  the  Radial-Waveguide 
Dielectrometer 


The  radial-waveguide  dielectrometer  described  in  the 
£*<?cond  Quarterly  Report  was  also  examined  from  the  standpoint  of 
maximum -possible  error.  The  sample  employed  in  the  analysis  was 


artii  117--'  1  aeoon*'!>^v  fr*  f V.  o-  o  r*.  1 1  Ti  TV: 

Csjwa  <  VI  t.v)  w  J  vV  W«W  o  t-uiaai 


eter  samples  (autij 


Sample  A^>  of  the  Second  Quarterly  Report.  These  smaller  so  .-pies 
are  nominal  •  ij 4-in.  m  diameter  by  I/iU-in.  long,  with  t  -  86.  b. 


A  numerical  error  computation  was  performed  assuming 
tiic  same  wavelength  and  dimension  errors  as  aoove.  The  maximum 
possible  error  in  was  fo  mr  to  be  ±0.42  percent  while  the  probable 
error  would  be  about  ±0.  17  percent.  Again,  order  of  magnitude  im¬ 
provements  o,  accuracy  in  frequency  and  dimensions,  and  hence  in 

e  ,  are  feasible, 
r 

c.  Anomalous  Behavior  of  Sample  A^ 


It  has  been  found  that  compressed  polycrystalline  TiO-, 
ceramics  from  a  giv*.  b^tcv  t  !uce  an  versus  density  curve  that 
is  well  behaved  (smooch  and  mo\otonic).  S  .ranle  A  of  the  or 

samples  tested  and  reported  in  the  Second  °  -  teriy  Report  appeared 

Lo  violat'  this  concept.  Numerous  remeastiements  of  this  sample 
reinforces  tht  reported  result  that  Its  data  p "1:;.  ' '  ~‘c  — " 


iri  opposite  directions  for  the  two  jiwwoqs  of  ■'>easurement.  Thu  _  ; 
rtiCc.su.rsm6n.ts  inc.iuu.ocl  sucti  rc;  tins  men.  ts  ss  use  oi  3.  ■  ’** c ^  " z> uiit 
to  give  better  thar.  0.  001  percent  accuracy  in  the  measurement  of 
resonant  freq—ency. 


The  only  reasonable  explanation  found  for  the  anomaly 
depends  on  the  assumption  that  a  ma /  :  -d  ir.’.o.nogeneity  exists  in  the 
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density  of  the  material  within  the  sample.  Note  that  the  electric  field 
is  zero  on  the  cylindrical  walls  of  the  test  sample  when  it  is  tested  in 
the  circuiar-waveguide  dielectrometer.  In  the  radial -waveguide  die¬ 
lectrometer,  the  electric  field  is  zero  on.  the  parallel  faces  of  the 
sample.  In  both  cases  the  resonant  mode  is  designated  TEq^  but  the 
differences  in  boundary  conditions  are  such  that  the  inhomogeneities 
within  the  sample  can  have  markedly  different  effects  on  the  resc  .ant 
frequency  tor  the  two  field  distributions  of  interest. 

Support  for  the  idea  of  inhomogeneities  within  a  small 
oiume  comes  from  test  results  on  a  specimen  of  Eccocersm  Hi 
(TiO^)  to  bo  reported  below.  A  further  test  of  the  inhomogeneity 
theory  will  be  the  careful  measurement  of  the  unloaded  Q  of  sample 
as  compared  to  the  Q  of  a  similarly  size'"  sample  wnose  incicatocs 
fits  the  -versus -density  curve.  Marked  inhomogeneities  would 
be  expected  to  iower  the  unloaded  Q  since  asymmetric  inhomogeneities 
should  cause  energy  transfer  from  the  TEQ1  mode  into  other  modes-. 

d.  The  Dielectric  Constant  of  Cold  Pressed  Polycrystalline 

TiO.,  Pellets  from  USAERDL. 

The  hot-pressed  pellet  of  fireu  .-dycrystalijn-.  IxC, 
identified  as  Sj  was  reported  to  have  a  dielec. ;..  .~  constant  of  97.  6  - 
98.  7  in  the  decond  Quarterly  Report.  New  cam  .lei*  of  high-purity 
polvcrvs tallies  TiO_  ha*'e  been  recr-omd  from  T i A  nirsi, 

samples  are  marked  "cold  pressed,  "  and  various  rmess  pressures 
are  indicated.  In  general,  these  samples  displayed  lo’r-ei  dielectric 
constants  than  the  earlier  samples.  The  rela^on  between  dielectric 
constant  and  density  is  evident  though  no  assurance  was  given  that  all 
pellets  were  formed  from  the  same  batch.  The  f’ielectric  constants 
were  determined  with  the  aid  of  the  racial  waveguide  dielectrometer. 

The  results  are  given  in  Figure  3-i.  The  density  and  stated  pressing 
pressures  used  in  the  fabrication  of  the  pel'  ;  tracked  in  a  general  way. 


63-1 


i/j 
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o»  K  36  67  33  39  90 

RELATIVE  DIELECTRIC  CONSTANT 
(FCRMIW3  FTJESSLSSS  IN  BRACKETS) 


Figuie3-i.  Density  Vs.  Die¬ 
lectric  Constant  for  US  '  SRDL, 
Cold  Pressed  TiO^  Cy .'mders 


e.  The  Dielectric  Constant  of  EorooeT*?,m  H1-K90 


The  firm  of  Emerson  and  Cuming,  Inc.  produces  and 

markets  a  material  known  as  2l  \oceram  Hi  K.  The  materia]  is  said 

to  be  polycrystalline  TiO?.  but  the  company's  Technical  Bulletin 

9-2-5  does  not  identify  the  composition.  Dissipation  factor  is  given 

as  less  than  0.  G01.  The  material  is  available  in  12  values  uf  ;  .  Thr 

r 

Bulletin  statement  that  the  material  is  “usable  continuously  over  the 
temperature  range  — ?0°F  to  rl500wF"  followed  by  a  listing  of  dielec¬ 
tric  constants  implies  that  was  stabilized  against  temperature. 
Inquiries  failed  to  produce  information  on  the  temperature  coefficient 

associated  with  s  . 

r 

A  single  tile.  2-1/2"  by  2- i  by  3/8",  of  Eccocertr;. 
H1-K90  was  obtained  fox  tests.  Pellets  of  o.  34/ 0  inch  diameter  by 
.  0.  1180  length  were  ground  from  various  location  .  ... 

The  density  of  the  pellets  was  found  to  differ  by  as  much  2  percent 
t  There  is  no  reason  to  believe  that  the  two-percent  fi*c  -  would  not  b 

j  exceeded  if  more  pellets  were  made  from  ui-  remaining  portions  of 

l  the  tile.  This  inhomogeneity  within  one  tile  further  suggests  that  the 

|  explanation  given  above  for  the  anomaly  observed  in  Sample  has 

|  merit. 
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One  sample,  with  a  density  cf  63  81  grams/cubic  inch, 
was  measured  to  have  a  dielectric  constant  of  91-75.  The  dielectric 
constants  of  the  other  samples  were  not  measured  at  this  time. 


f.  Temperature  and  Diele,ctric  Constant 


^  r  t — 

UJ.  wvr  v; 


Four  groups  of  TiO^  have  been  measured  at  a  mir.f  -:um 

.tlirc*  7  A ^  'T' Vi 0  Sll.lt  8  5, t* #=»  cvirrirYiP  v  1 


in  Figure  3-2.  None  of  the  materials  tested  show  evidence  of  temper¬ 


ature-compensating  ingredients. 
Because  of  the  high  sensHivnw  r.f 
dielectric  constant  to  temperature 
it  would  be  generally  imprac 
to  construct  narrow-band  filters 

for*  nco  on  r  r»f  anv  of  fhPQP 

^  - - —  "4*/  —  - 

materials. 

Figure  3-2.  Dielectric  Constant 
Vs.  Temperature  (Temperature 
Coefficient  in  Brackets) 


4. 


Unioaded-Q  and  Center -Frequency  M:  *  '■..•euieuis 


a. 


Unloaded  Q  of  TiO,  Samples 


During  the  third  quarter,  a  serieo  of  rneasu  <  ■  meats 
were  made  on  the  unloaded  Q,  Q^,  of  various  TiO^  sairw.-  fhi-e 
samples,  which  were  in  the  form  of  cylindrical  disks  approximately 
0.4  inch  diameter  by  0.  2  inch  long,  were  placed  at  the  center  of  a 
WR-284  waveguide  cross  section.  As  indicated  ov  previous  data 

A 

shown  in  Table  3-3  of  the  First  Quarterly  Report  ,  the  metal  wall 
losses  in  this  case  would  be  expected  to  ».ave  negligible  effect  on  Q  . 
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The  method  of  Q„  measurement  utilized  in  these  tests 

II 

is  essentially  as  described  in  the  First  Quarterly  Report.  The  reso¬ 
nant  diak  produces  a  band-rejection  response  in  the  operating  range  of 
the  WR-284  waveguide.  By  means  of  a  reflectometer  setup  the  rejec¬ 
tion  bandwidth  is  determined  from  reflection-coefficient  data.  An  addi¬ 
tional  parameter  measured  is  the  peak  insertion  loss  of  the  rejection 
respone...  The  First  Quarterly  Report  explains  how  is  com  —  .ted 
from  bandwidth,  center  frequency,  and  peak  insertion  loss. 


Several  refinements  in  technique  were  introduced  in  the 
-  ~inal  equipment  shown  in  the  First  Quarterly  Report.  One  reim»- 
meat  was  the  use  of  an  external  square-wave  diode  modulator  instead 
of  the  internal  1000-cps  modu'ation  of  the  generator.  A  ferrite  i~~lator 


was  connected  between,  the  generator  and  the  diode  modulator.  This 
system  modification  permitted  CW  operation  of  the  generator,  thus 
eliminating  the  possibility  of  frequency  modulation  as  a  source  oi 
error.  A  second  refinement  was  the  use  of  a  transfer  oscillator  and 
counter  for  precise  measurement  of  frequency.  Measurements  were 
repeated  on  several  of  the  same  Ti02  samples  tested  during  the  first 
quarter.  The  agreement  with  the  earlier  data  was  very  good,  indica¬ 
ting  that  frequency  modulation  ?nd  xy  "  ter  h°d  "o*  had  s.  seri¬ 

ous  effect.  Hov  .ver,  the  use  of  the  isolatec  external  module. tor  and 
of  the  transfer  oscillator  and  counter  has  been  retained  because  of  the 
greater  inherent  reliability  and  precision  ord. 


Unloaded  Q  measurements  were  made  cn  'nree  sets  ox 
TiO^  -ampies:  (1)  hot-pressed  samples  supplied  by  the  uSAERDL. 
ceramics  laboratory  during  the  first  quarter  of  this  program;  (2)  cold- 
pressed  samples  supplied  by  the  same  source  during  th. '  second 
quarter;  and  (3)  Eccoceram  Hi-K90  material  pur  -based  from  Emerson 
and  Cuming,  Inc.  The  resulting  values  are  shown  in  Table  4-1  with 
dimensions,  center  frequencies,  and  measured  dielectric  constants. 
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TABLE  4-1 

UNLOADED  Q  OF  VARIOUS  TiO?  CERAMIC  DISKS 


"k.4  +•  *  *■*  1 

iVlU  X  AUl 

Identification 
of  Sample 

D 

(inch) 

L 

(inch) 

£o 

(Me) 

e 

r 

Q 

u 

USAERDL 

No.  1 

0.393 

0.  350 

2980 

98 

7300 

Hot-Fre  oed 

No.  2 

0.393 

0.  250 

2961 

98 

853-' 

XT.  O 

l\KJ,  w- 

•  -»  7 

r\  t  /  /\ 

\J .  lO  \J 

n  t  n  i 
w>  J  L.  a. 

70 

7  loG  j 

No.  4 

0.  393 

O 

o 

3317 

98 

6390  | 

USAERDL 

1500  psi 

0.430 

0.  220 

3051 

85.  6 

sura 

-Pressed 

7.000  r» 55 i 

n  Ain 

0.  220 

in>o 

87  l 

1 i  f-.sn  i 

2500  psi 

",  c<n 

0.  240 

2507 

87.  2 

hHHh 

3000  psi 

0.400 

0.  200 

3289 

87.  6 

7,350  t 

3750  psi 

0.  540 

0.  240 

2503 

88.  2 

10, 500  1 

"refired" 

0.446 

0.  244 

2675 

- 

C  3 an  i 

occoceram 

No.  1 

0.430 

0.  220 

2904 

92 

7,  163 

Hi-K90 

No.  2 

0.430 

0.  220 

2922 

<4 

6,418 

b.  Versus  Waveguide  Dimensions 


Figure  4-1  shows  the  effect  of  v  -  '^guide-wall 
on  the  unloaded  Q  of  a  dielectric  resonator.  '.LV  resonator  used  in  this 
experiment  is  the  previously  tested  USAERDL  ,  -pressed  2000  psi 
sample.  As  shown  in  Table  4-1,  the  Q  value  in  V.'i-  -',64  waver  not* 

v* 

11.650.  The  plotted  points  in  Figure  4-1  are  for  thi"  r?so  aior  in 
square  waveguides  ranging  from  0.  430  by  0.  43 0  to  1.25  is-,  1.  23  inch 
ID.  The  resonator  was  supported  at  the  center  of  each  waveguide  cross 
section  by  polyfoam,  with  the  axis  of  the  disk  in  the  transverse  x  di¬ 
rection.  Because  the  square  waveguides  sre  nonpropagating  at  the 
resonant  frequency  of  the  disk,  the  configuration  was  measured  as  a 
single-resonator  band-pass  filter.  Coupling  loops  o»  closely  fitted 


figure  4-1.  Qu  of  Dielectric 
.resonator  Vs.  Dimension  of 
Square  Waveguide 


sliding  blocks  were  used  io  ob¬ 
tain  coaxial  input  and  output  con¬ 
nections.  The  loops  were  adjusted 
to  give  a  center-frequency  inser¬ 
tion  loss  of  at  least  3  db.  Sym¬ 
metry  of  coupling  was  ensured  by 
setting  the  loops  such  that  the 
VSWR  at  the  two  ports  w  r  the 
same.  The  following  relation¬ 
ship  then  holds  between  loaded 
Q,  Q,  ,  unloaded  Q,  Q  ,  and 

*  •  XX 

center -frequency  insertion  loss, 


L_  =  20  log 


n  (?*r 


Q 


u 

~7V 


-)  db 


(4-1) 


or 


n  - _ 

u  "  j  _  10-Lo/20 


(4-Z) 


The  loaded  Q,  Q.  ,  of  the  single -re5"~atn'  filter  i=  related  to  Kan.H. 
a 

width  by* 


QL=V<£W)3db 


(4-3) 


Q-  =  Jl  f 

Li  ^  O' 


OQD 


QL=3fo/(BW)iodb 


(4-1 


where  (BW)^^  (BW)^^  anc^  (BW)^^  are  handwidths  determined  at 
levels  of  Liq  +  3  db,  +  6  db,  and  +  10  db,  respectively.  These 
three  bandwidths  were  measured  in  all  cases,  and  were  found  to  yield 
setj  of  Qt  values  within  about  2  percer;  of  «^ch  other.  The  average 
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ot  the  values  computed  from  Eqs.  4-3,  4-4,  and  4-5  was  used  in 

Eo.  4-2  to  obtain  Q  . 

u 

The  plotted  points  in  Figure  4-3  are  for  a  number  of 
diffe.  ent  tubing  materials.  After  the  three  brass  tubes  w'ere  tested, 
the/  v-sre  silver  plated,  thus  yielding  additional  points.  The  curve  in 
Figure  4 i  applies  to  aluminum;  for  cross  sections  smaller  than  -x  75 
by  U .75  inch  the  curve  is  iuleipolatea  between  the  points  for  silver- 
plated  and  70-30-braes  surfaces. 

The  Q  curve  in  Figure  4-1  is  seen  to  be  consi'='t0nt 
with  an  c.aympto:ic  value  of  1 1  650  for  an  "isolated"  resonator,  as 
previously  measured  in  2.  84  by  1.  34  incli  ID  waveguide.  Althoug; 

has  dropped  to  5250  in  silver-plated  0.430  by  0.430  inch  tubing, 
this  is  nevertheless  a  highly  respectable  value.  For  example,  a  strip¬ 
line  or  coaxial  resonator  occupying  the  same  volume  would  have  a 
value  of  about  1200. 

The  0.430  by  0.430  inch  tubing  size  is  especially  inter¬ 
esting,  since  the  0. 43C-;~ch  di-’'v''='*er  disk  is  tangent  to  the  top  and 
bottom  vrqijs.  In  this  cas",  a  convenient  stiuctura*  technique  wvuid 
be  to  fasten  the  disk  in  place  by  means  of  smail  =  mounts  of  epoxy  ce¬ 
ment  at  the  points  of  tangency.  Another  piece  -i  brass  tubing  was 
constructed  to  explore  further  this  possibility .  .'vh.  was  main¬ 

tained  at  0.430  inch  to  retain  the  La,.6tuv.j  ie&tu  r,  while  the  width  'ns 
made  0.860  inch.  The  unloaded  Q  in  this  70-3C-biiss  tr.iblr.g  ”'3* 
measured  to  be  5100.  Aiter  silver  plating,  Q.  increased  to  6760., 

These  values  are  considerable  improvements  over  the  0.430-inch- 
square  case. 


c.  f  Versus  Waveguide  Dimensions 

The  effect  of  waveguide -wall  proximity  on  resonant  fre¬ 
quency  of  the  USAERDL,  2000  psi  cold-pressed  sample  is  shown  in 

Figure  4-2.  The  measured  points 
are  for  the  same  series  of  square 
tubings  as  in  the  measurements 
of  Figure  4-1.  Table  4-1  shows 
the  resonant  frequency  of  the  disk 
to  be  3  029  Me  in  2.  84  by  1.  34  inch 
waveguide.  This  asymptotic  value 
is  consistent  with  the  curve  in 
Figure  4-2. 

In  the  case  of  the  0.  430  by 
0.  860  inch  tubing,  the  r 'sonant 
frequency  was  measured  to  be 
3234  Me. 

d.  Theoretical  Analysis  of  f  and  Q 

O’- 

An  appro  :imate  theoretical  ei  the  effee*  r'f 

metal-wall  proximity  on  fQ  and  was  carr out  during  the  latter 
part  of  the  third  quarter.  Initial  results  of  ’.he  theorv  indicate  good 
confirmation  of  the  f  data  in  Figure  4-2,  and  fa*.  " 

data  in  Figure  4-1.  The  theory  wiil  be  fur 'her  evaluated,  ano.  i«- 
cluded  in  the  next  report. 

Experiments  with  Two -Resonator  Band-Pass  Filters 

In  the  Second  Quarterly  Report,  1  coupling  data  were  given  for 
two  different  pairs  of  resonators  in  tl-r  . e  buterent  sizes  of  waveguides 


Figure4-2.  fnof  Dielectric  Res¬ 
onator  Vs.  Dimension  of  Square 
W  aveguide 
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below  cutoff.  The  graphs  of  experimental  points  are  repeated  in  the 
present  report  as  Figure  2-4,  whete  they  may  be  compared  with  theo¬ 
retical  curves.  As  an  experiment  .,o  check  the  correlation  of  the  data 
ith  actual  filter  performance,  the  end  loops  were  mo\ed  closer  to  the 
coupled-resonator  pairs  in  order  to  produce  maximally  flat  response 
curves.  The  results  tor  two  cases  are  shown  in  Figures  5-1  and  5-2. 
The  pertinent  dimensions  are  indicated  in  the  figures. 


Figure  5-1.  Maximally 
Flat  Dielectric -Resonator 
Filter,  a  =  b  =  0.750" 
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Figure  5-2.  Maximally 
Fiat  Dielectric -Resonator 
Filter,  a  *  b  ~  0.  995" 


'1  ne  3-db  bandwidth  of  a  two -resonate!  .ximally  fiat  1.1  ter  is 
related  to  the  coupling  c<  i'ficient  kj,  by^ 


(BW) 


3db 


or, 


k,,  =0.  707 

a  (L 


(BW)3dX 

- j - 


(5-2) 


From  the  experimental  data  in  Figure  5-1.  the  coupling  coefficient 
was  computed  and  compared  with  the  previously  measured  value  from 
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Figure  2-4d.  Thus,  in  Figure  5-1,  -  7.69  Me,  =  3040  Me, 

and  hence, 


0.  707  x  7.  69 


0.  00179 


This  is  very  close  to  the  value  shown  In  Figure  2-4d,  where  at 
s  =  1.  266  inch,  =  0.  0017  from  the  measured  points  and  = 
0.0016"  from  the  theoretical  curve. 


In  Figure  5-2,  {B =  18.3  Me  and  iQ  -  3030  Me.  Therefor-  , 
,  0.707  x  18.3  A 

k12  = - mO -  =  °*  00427 

while  Figure  ?.-4e  gives  k^  -  3*  CC46  fr^m  the  measured  points  and 
0.  0050  from  the  theoretical  curve. 


A  third  case  that  was  not  plotted  had  the  same  parameters 
Figure  5-1,  except  that  s  =  1.  000  inch.  The  coupling  coefficient  deter¬ 
mined  from  the  3-db  bandwidth  is  0.  00482,  while  the  measured  points 
in  Figure  2-4d  give  0.0048,  and  the  theoretical  curve  gives  0.0052. 


The  resonator  unioactsa  U  values  were  deduced  from  the  band¬ 
width  and  center -frequency  dissipation-lo*  -.'itsarement.  G*e 
tionship  for  a  maximally  flat  two-resonator  ..’ter  is  as  follows:' 


4.34  X  2.83  f 

o  =  ® 

wu  (BW)  h 

juu  o 


where  f  and  (BW).,  ,,  are  in  Me,  and  L  is  in  db.  F<.*x  .he  throe  cas« 
o  Jab  o 

discussed  above,  the  values  were  found  <,<  be  6060,  7260,  and  5140, 
respectively.  Note  that  the  second  value  applies  to  0.  995  by  0.  995  inch 
tubing,  while  the  other  values  are  for  0.  75  by  0.  75  inch  tubing.  In  all 
case 8  the  walls  are  aluminum. 
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Both  Figure  5-1  and  5-2  indicate  a  dissymmetrical  response. 
This  is  especially  pronounced  in  Figure  5-2,  where  the  bandwidth  is 
approximately  twice  that  of  Figure  5-1.  The  possible  causes  of  tne 
observed  dissymmetry  will  be  investigated  during  the  next  quarter. 
Techniques  of  eliminating  or  reducing  this  dissymmetry  will  be 
exploi  ed. 
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SECTION  V 


CONCLUSIONS 

The  new  multiple -mode  coupling-coefficient  formula  is  vastly 
superior  to  the  earlier  single -mode  formula  when  the  dielectric  disks 
are  close  together.  Comparison  with  experimental  points  shows  good 
agreement  even  when  the  disks  are  touching  each  other. 

Calculations  of  errors  in  the  two  techniques  for  dielectric- 
constant  measurement  indicate  typical  precisions  of  about  ±0.  5%  max- 
,m  error  and  ±0.  2%  probable  error.  These  values  are  haseo.  on 
dimensional  measurements  to  ±0.  0005  inch  and  frequency  measure¬ 
ments  to  ±0.  1  percent.  An  improvement  of  accuracy  by  at  least  an 
order  of  magnitude  appears  feasible,  but  is  not  necessary  for  the 
purposes  of  this  program. 

Dcusitv  variations  in  ceramic  samples  were  previously  sus¬ 
pected  as  the  cause  of  minor  anomalies  in  measured  dielectric-constant 
values.  Further  confirmation  of  this  possibility  was  found  when  various 
samples  cut  from  a  la<v»e  sine5-  p'ece  of  TiO,  ceramic  were  found  to 
have  densities  varying  bv  as  much  as  2  percent.  The  effect  n'  mmn 
erature  on  dielectric  constant  was  also  found  tc  exceed  the  nominal 
sensitivity  of  -800  ppm/°o  by  amounts  rang!  *g  from  about  5  to  37  per¬ 
cent  in  four  different  groups  samples. 

The  setup  for  measurements  described  in  th'1-  j*';-.  verier 
Report  was  improved  through  the  use  of  an  iso’ated  external  modulator 
and  more  precise  frequency-measurement  equipment.  Several  of  the 
dielectric  pieces  previously  tested  were  rechecked  and  found  to  agree 
reasonably  well  with  the  earlier  data.  Therefore,  the  setup  improve¬ 
ments  were  not  found  to  be  essential.  vevertheiess  they  have  been 
retained  because  of  the  greater  reliability  and  pre  ision  they  afford. 
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Measurements  made  with  this  setup  show  the  USAERDL  high-purity 

cold-pressed  samples  to  have  considerably  higher  Cl^  than  previously 

obtained  TiO-  batches.  Other  measurements  on  a  dielectric  disk  in 
r. 

a  series  of  square  waveguides  confirm  that  is  drastically  affected 
when  the  waveguide  dimension  is  made  less  than  twice  the  diameter  of 
the  disk.  However,  even  when  the  waveguide  dimension  was  equal  to 
the  diameter  of  the  disk,  was  approximately  5000  for  silver -plated 
waveguide- walls.  This  is  about  four  times  the  value  obtainable  in 
a  practical  coaxial  or  strip-line  resonator  having  the  same  external 
volume  of  approximately  0.5  x  0.5  x  0.5  inch. 

Experiments  on  several  two-resonator  maximally  flat  filters 
confirm  the  validity  of  the  coupling -coefficient  and  miloaded-Q  dale 
previously  obtained.  A  dissymmetry  of  the  stop-band  r -spouse  was 
observed.  This  dissymmetry  becomes  more  severe  as  the  filter 
bandwidth  is  wideneu.  Since  a  dis symmetrical  response  is  usually  a 
disadvantage  in  a  bandpass  filter,  methods  of  reducing  this  effect 
should  be  found. 
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SECTION  VI 


DDnr.D  AX-f  TAD 
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MPVT 

i  1  4  V  X 


TTvT'T'  TT*  r»  1  r  A  1 
XX  'i  X  XJXV  T  Xlij 


V}i£  analysis  of  resonant  frec^x^ 


dud  coupling  Wxlx  we  iUJ-  UiCx 


developed.  The  theoretical  treatment  of  metal -wall  proximity  and  its 

effect  on  f  and  Q  will  be  completed, 
o  u 


ExDerimental  studies  will  be  continued  on  c  and  Q  of  dielec- 
A  r  u 

trie  samples.  In  cooperation  with  the  USAEBDL  Ceramics  Laboratory, 
an  effort  wii.l  be  made  to  obtain  a  suitable  material  or  combination  of 


materia. s  having  relativelv  low  temperature  sensitivity- 


An  investigation  will  be  made  of  the  stop-band-dissymmetry 
effect  observed  in  relatively  wide-hand  filters.  Techniques  for  re¬ 
ducing  this  effect  will  be  examined. 

Parameters  for  deliverable  filter  models  will  be  selected. 
These  filters  will  then  be  designed,  constructed  and  tested. 
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